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We report infrared spectroscopic properties of the strongly correlated layered cobalt oxide
[BiBa0.66K0.36O2]CoO2. These measurements performed on single crystals allow us to determine
the optical conductivity as a function of temperature. In addition to a large temperature dependent
transfer of spectral weight, an unconventional low energy mode is found. We show that both its
frequency and damping scale as the temperature itself. In fact, a basic analysis demonstrates that
this mode fully scales onto a function of ω/T up to room temperature. This behavior suggests low
energy excitations of non-Fermi liquid type originating from quantum criticality.
PACS numbers: 71.27.+a, 71.45.Gm, 74.40.Kb, 78.20.-e
Beyond the successful Fermi liquid paradigm, the non-
Fermi liquid states of matter are nowadays the subject
of intense both theoretical1–3 and experimental4,5 inves-
tigations. These states can in particular be reached
in the vicinity of a so-called quantum critical point
(QCP) which is located at zero temperature and results
from competing interactions tuned by an appropriate
non-thermal control parameter, such as pressure, dop-
ing or magnetic field6. As quite recently raised by A.
Kopp and S. Chakravarty for instance7, ”a fundamen-
tal question is how high in temperature can the effects
of quantum criticality persist” and if ”physical observ-
ables could be described in terms of universal scaling
functions originating from the QCPs” over an extended
temperature range. While they demonstrate that the
temperature can be surprisingly high, experimental evi-
dences remain yet to be given to support these theoreti-
cal predictions. Also, famous examples of non-Fermi liq-
uid behaviors near QCPs are provided by heavy fermion
metals5,8,9 which have early on emerged as prototypical
materials to investigate such unconventional properties,
and also by some transition metal oxides10,11, including
the layered cobalt oxide [BiBa0.66K0.36O2]CoO2
12. More
specifically, the latter compound belongs to a family
of doped Mott insulators13–15 which has revealed strik-
ing properties16–18 such as enhanced room temperature
thermopower19,20 or large negative magnetoresistance21.
Interestingly, the so-called giant electron-electron scat-
tering inferred in Na0.7CoO2
22 has already led to conjec-
ture a possible influence of a magnetic QCP in a quali-
tative agreement with the density functional calculations
predicting weak itinerant ferromagnetic state competing
with weak itinerant antiferromagnetic state23.
In this context, recent susceptibility12 and specific heat
measurements24 have given good evidence that most of
the electronic properties observed in the metallic cobalt
oxide [BiBa0.66K0.36O2]CoO2 display unconventional be-
haviors which seem to originate from a magnetic field
induced QCP. In fact, the investigated susceptibility χ
has revealed a scaling behavior12 with both the temper-
ature T and the magnetic field B ranging from a high-T
non-Fermi liquid down to a low-T Fermi liquid. In the
latter Fermi liquid regime, the divergent behavior of the
Pauli susceptibility follows a power law dependence χ ∝
b−0.6. Here b = B − BC measures the distance from
the QCP and the critical magnetic field BC ≈ 0.176 T .
Furthermore, specific heat measurements allowed to in-
terprete the enhancement of the Pauli susceptibility as a
result of efficient ferromagnetic fluctuations by analyzing
the Wilson ratio24.
The purpose of this Letter is to acquire more in-
sight into the nature of the electronic excitations of the
cobalt oxide [BiBa0.66K0.36O2]CoO2 by investigating its
infrared spectroscopic properties, and especially its scal-
ing behavior. Therefore, reflectivity measurements have
been performed with a Fourier transformed infrared spec-
trometer Bruker IFS 66v/S spanning the frequency in-
terval from 40 cm−1 up to 8000 cm−1 and, as a function
of temperature, down to 10 K. It is worth mentioning
that normal incidence radiation has been used in order
to measure the in-plane single crystal reflectivity. After
the initial measurement, the sample was coated in situ
with a gold film and re-measured at each temperature.
These additional data were used as reference mirrors to
calculate the reflectivity in order to take into account
light scattering on the surface of the sample. Let us
also note that the reported results have been measured
with several single crystals thereby ensuring the repro-
ducibility of these investigations. We emphasize that
our results also agree with previous reflectivity measure-
ments which have not led to a determination of the op-
tical conductivity25, in contrast to the analysis reported
in this Letter. Figure 1 displays the frequency depen-
dence of the reflectivity within the experimental range as
a function of the temperature from 300 K down to 10 K.
The latter already illustrates an unusual temperature de-
pendence by showing a huge transfer of spectral weight
from high to low energies in agreement with previous re-
2flectivity measurements. Here, we propose an analysis of
these data by determining the optical conductivity and
by investigating its unconventional temperature depen-
dence. Indeed, the reflectivity may be related to the com-
plex dielectric constant ǫ(ω) following the Fresnel relation
R(ω) =
∣∣∣(1 −√ǫ(ω))/(1 +√ǫ(ω)∣∣∣2. Then, the real part
of the optical conductivity σ(ω) follows from the imagi-
nary part of the dielectric constant as σ(ω) = 2πcωǫ′′(ω),
ω being here the frequency in the unit of the wavelength
inverse and c the speed of light. Though the complex
dielectric constant can be obtained through the standard
Kramers-Kronig transformation we rather proceed with
the usual fitting routine with Drude-Lorentz oscillators
as: ǫ(ω) = ǫ∞+ǫ0
∑
i
ω2p,i
ω2
0,i
−ω2−iγiω
. Here, ǫ∞ is related to
an effective contribution of all the high frequency oscilla-
tors out of the experimental range, while ωp,i, ω0,i and γi
are the effective plasma frequency, the frequency, and the
damping of the ith mode, respectively. Note that a Drude
term may be considered to take free charge carriers into
account by vanishing the frequency ω0,i.
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FIG. 1: (Color online) Frequency dependence of the single
crystal reflectivity (a), and optical conductivity (b) and (c),
as functions of temperature from 10 K up to 300 K. σ(ω) has
been obtained with ǫ∞ ≈ 7.
In order to determine the optical conductivity, we used
a variational routine with a causal dielectric function,
namely Kramers-Kronig consistent, which provides the
best match to the experimental reflectivity by using typ-
ically 500 oscillators. It must be emphasized that ac-
cording to this procedure, these oscillators have not nec-
essarily a physical microscopic origin which makes this
routine closer to a fitting procedure rather than to a
modeling one. Yet, such a procedure is equivalent to the
standard Kramers-Kronig analysis26. Figure 1 shows the
variations of the optical conductivity determined using
the previous routine within the frequency range from 40
cm−1 up to 8000 cm−1. In particular, the low frequency
optical conductivity determined at 300 K is of the order
of 200 Ω−1cm−1 in agreement with the previously re-
ported DC value 250 Ω−1cm−125. A strong temperature
dependence is also observed with spectral weight redis-
tribution over an anomalously large frequency interval of
the order of the experimental range. We note a transfer
of spectral weight from high energies down to low ener-
gies occurs when the temperature is decreased, in order
to form a Drude-like peak at low frequency below 50 K.
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FIG. 2: (Color online) Results of the modeling of the global
shape of the reflectivity with the variation of the optical con-
ductivity as a function of frequency at 100 K (a), 150 K (b),
200 K (c) and 300 K (d). Three Drude-Lorentz oscillators
have been used with the frequencies ω0,i ≈ kBT/hc, 1400,
4000 cm−1 and a very weak Drude-like contribution at 100 K
and 150 K.
From a qualitative point of view, let us mention that
such a spectral redistribution has already been observed
in materials near the Mott metal to insulator transition
where low energy electronic excitations strongly couple
to the high energy ones14. Therefore, the behavior of
the optical conductivity is likely due to strong electronic
correlations as exemplified by the narrow width of the
Drude-like peak which suggests renormalized quasipar-
ticle energies. Interestingly, Fig. 1c exhibits an unusual
feature above 100 K as a broad maximum with a fre-
quency which increases with temperature and seems to
amazingly coincide with kBT, kB being the Boltzmann
constant.
Beyond the previous determination of the optical con-
3ductivity, a modeling procedure has been performed in
order to analyze quantitatively the aforementioned un-
usual maximum. Thus, a minimal number of Drude-
Lorentz oscillators has been used to account for the global
shape of the reflectivity27. As shown in Fig. 2, three
Drude-Lorentz oscillators have been identified to basi-
cally account for the temperature dependence of the op-
tical conductivity as a function of frequency, with a very
weak Drude-like contribution below 150 K. These figures
all reveal an important contribution, namely with a size-
able spectral weight, originating from a low frequency
oscillator. They also already demonstrate that the fre-
quency of the latter mode ω0 increases continuously with
the temperature, in a linear fashion. This amazing be-
havior is indeed checked by plotting in Fig. 3 the temper-
ature dependence of this frequency. Moreover, it appears
that not only ω0 but also the damping γ are directly pro-
portional to the temperature as written below, with their
contribution to the conductivity σ∗.
ω0 =
kBT
hc
=
γ
π
and σ∗ =
2πcǫ0γω
2ω2p
(ω20 − ω
2)2 + γ2ω2
(1)
In addition, it is worth mentioning that the temperature
dependence of γ is very close to πkBT/hc, as demon-
strated in Fig. 3.
0
50
100
150
200
 ω0
 kBT/hc
ω
0 
(cm
-
1 )
 
0 50 100 150 200 250 300
0
200
400
600  γ
 pi kBT/hc
γ (
cm
-
1 )
 T (K)
FIG. 3: (Color online) Temperature dependence of the fre-
quency ω0 and the damping γ for the low frequency oscillator.
While not shown here, it should be noted that the effec-
tive plasma frequency of this oscillator seems to exhibit a
moderate and rather linear increase with temperature as
ωp ≈ 3653+4.5T . Nevertheless, one cannot firmly ascribe
a linear power law dependence because of the weakness
of the latter variation. On the other hand, according to
the linear temperature dependences of both ω0 and γ in
Eq. (1), the contribution σ∗ actually appears to only de-
pend on the dimensionless ratio between the frequency ω
and the temperature following Eq. (2), with the photon
energy Eω= hc ω and x = Eω/kBT .
kBT
2hc2ǫ0ω2p
σ∗ =
π2x2
π2x2 + (1− x2)2
(2)
As a result, one should be able to highlight such a con-
tribution by subtracting those of the other tow oscillators
displayed in Fig. 2 and corresponding to the frequencies
ω0,i around 1400 cm
−1 and 4000 cm−1. By using the
values of the effective plasma frequency as given by the
aforementioned approximate linear relation and the pa-
rameters of the two high energy Drude-Lorentz oscilla-
tors, including the small Drude part at 100 K and 150 K
shown in Fig. 2, the residual low energy contribution can
thus be selected and plotted as a dimensionless quantity
as a function of the dimensionless ratio Eω/kBT . As a
strong check of the overall analysis, Fig. 4 shows that
the data related to σ∗ nicely collapse onto a single curve
over nearly two decades in full agreement with Eq. (2).
The normalized maximum is in particular recovered for
Eω/kBT = 1, which firmly checks the unconventional
linear temperature dependences of both ω0 and γ as dis-
played in Fig. 3.
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FIG. 4: (Color online) Scaling of the unconventional contribu-
tion to the optical conductivity as a function of the dimension-
less ratio Eω/kBT for T=100, 150, 200, 300 K as explained
in the text. Note that this contribution is here plotted as the
dimensionless quantity σ∗πkBT/(2πǫ0hc
2ω2p). The full line
represents the right hand side of Eq. (2).
Since neither the spectral weight nor the scaling prop-
erties as a function of ω/T can easily be ascribed to
phonons28 they suggest that the relevant energy scale of
these likely electronic excitations is given by the tempera-
ture. Whereas the analyzed oscillator does not contribute
to the zero frequency resistivity at finite temperatures,
this kind of scaling shares similarities with some proper-
ties measured in the high temperature cuprates supercon-
ductors. Indeed, Van Der Marel et al gave good evidence
that the optical conductivity of some cuprates follows
scaling laws as σ(ω)=T−µg(ω/T )11. In fact two differ-
ent scaling functions were found: One in the far infrared
for ω/T < 1.5 with µ = 1, and one in an intermediate
frequency range (yet with ω/T > 3) with µ = 0.5, stress-
ing the role of the temperature as a crossover frequency
put forward by Damle and Sachdev29. One should also
4mention that the scaling form σ(ω)T = g(ω/T ) is au-
tomatically fulfilled if the only contribution to the op-
tical conductivity is Drude-like, namely with ω0=0 in
Eq. (1), with a damping varying linearly with tempera-
ture γ ∝ T . In this context, the previous scaling form
implies, by considering the zero frequency limit, a resis-
tivity which increases linearly with the temperature (with
here g(0)6= 0) as experimentally observed. Therefore, the
origin of such a scaling form appears as a central issue
since it is directly related to the enigmatic transport in
the so-called normal state in cuprates. This is commonly
interpreted in terms of quantum critical fluctuations orig-
inating from a QCP (T = 0). The distance from such a
QCP being given by kBT, the temperature is then the
only relevant energy scale governing the electronic ex-
citations in the quantum critical regime. In addition,
fluctuation energy is inversely proportional to the corre-
lation time τ and is also related to the correlation length
ξ as ω ∝ τ−1 ∝ ξ−z, with the dynamical exponent z.
In the framework where the quantum critical behavior is
accounted for by the one-parameter scaling hypothesis,
Phillips and Chamon30 have demonstrated that charge
conservation implies the following general scaling form
for the optical conductivity:
σ(ω, T ) =
e2
h
ξ2−dg (ωτ) , (3)
with a dimensionless function g(ωτ), the elementary
charge e and the spatial dimension d. In Eq. (3) the
optical conductivity is expressed in units of the quantum
of conductance e2/h. Further, one may infer the scaling
form Eq. (4) as a function of both the temperature and
the frequency as:
σ(ω, T ) =
e2
h
(
kBT
hc0
)(d−2)/z
g
(ω
T
)
, (4)
with c0 a non-universal velocity for z = 1
29. It results
that in a three dimensional system, even anisotropic as in
the case of cuprates or in the case of this layered cobalt
oxide, the scaling σ(ω, T ) ∝ T−1g(ω/T) implies an un-
physical negative dynamical exponent z=-1 and thus, an
inconsistency between the scaling form Eq. (2) and the
generic equation (4). Furthermore, the observation of
such a scaling behavior over a vast temperature range
and up to 300 K invalids most of the other possible in-
terpretations, in particular in terms of a classical phase
transition. Indeed, its physics is driven by thermal fluc-
tuations which are only critical in a small temperature
range, basically around the transition temperature, that
vanishes in a quantum critical system. On the contrary,
it has been predicted theoretically that quantum criti-
cality can extend up to surprisingly large temperatures,
that can even exceed room temperature, because they
are essentially bounded by the bare energy scale7. There-
fore, while the scaling behavior here observed over two
decades can be taken as an evidence for the persistence
of a quantum criticality, the scaling function itself points
towards its unconventional nature. This could require a
description beyond the one-parameter paradigm30 as al-
ready supported by the previously reported susceptibility
measurements12. Let us finally mention that our method
based on the extraction of the quantum critical contri-
bution, could be put under further test in other strongly
correlated systems as in some cuprates31, in order to an-
alyze the observed peaks at temperature dependent fre-
quencies.
In conclusion, infrared spectroscopic measurements
have been performed on single crystals cobalt oxide
[BiBa0.66K0.36O2]CoO2. The determined optical conduc-
tivity has thus exhibited a large temperature dependent
transfer of spectral weight and an unconventional low en-
ergy mode. We have shown that both its frequency and
damping scale as the temperature itself. So, a basic anal-
ysis has demonstrated that this mode fully scales onto a
function of ω/T up to room temperature. This behavior
suggests low energy excitations of non-Fermi liquid type
originating from quantum criticality in agreement with
the susceptibility, the specific heat and the thermopower
measurements.
Acknowledgments
We would like to acknowledge support from La Re´gion
Centre, the European Union (FEDER N◦2620-33815)
and the ANR N◦11-JS04-001-01.
1 J.K. Jain and P.W. Anderson, PNAS 106, 9131 (2009).
2 P. Phillips, Phil. Trans. R. Soc. A 369, 1574 (2011).
3 S. Sachdev, Phys. Rev. Lett. 105, 151602 (2010).
4 G.R. Stewart, Rev. Mod. Phys. 73, 797 (2001); 78, 743
(2006).
5 H.v. Lo¨hneysen, A. Rosch, M. Vojta and P. Wo¨lfle, Rev.
Mod. Phys. 79, 1015 (2007).
6 S. Sachdev and B. Keimer, Phys. Today 64(2), 29 (2011).
7 A. Kopp and S. Chakravarty, Nature Physics 1, 53 (2005);
S. Roy and A.-M.S. Tremblay, EPL 84, 37013 (2008).
8 J. Custers, P. Gegenwart, H. Wilhelm, K. Neumaier,
Y. Tokiwa, O. Trovarelli, C. Geibel, F. Steglich, C. Pe´pin
and P. Coleman, Nature 424, 524 (2003).
9 A. Schroder, G. Aeppli, R. Coldea, M. Adams, O. Stockert,
H.v. Lo¨hneysen, E. Bucher, R. Ramazashvili and P. Cole-
man, Nature 407, 351 (2000).
10 P. Gegenwart, F. Weickert, M. Garst, R.S. Perry and
Y. Maeno, Phys. Rev. Lett. 96, 136402 (2006).
11 D. Van der Marel, H.J.A. Molegraaf, J. Zaanen, Z. Nussi-
nov, F. Carbone, A. Damascelli, H. Eisaki, M. Greven,
5P.H. Kes and M. Li, Nature 425, 271 (2003).
12 P. Limelette, W. Saulquin, H. Muguerra and D. Grebille,
Phys. Rev. B. 81, 115113 (2010).
13 M. Imada, A. Fujimori and Y. Tokura, Rev. Mod. Phys.
70, 1039 (1998).
14 A. Georges, G. Kotliar, W. Krauth and M.J. Rozenberg,
Rev. Mod. Phys. 68, 13 (1996).
15 C. de Vaulx, M.-H. Julien, C. Berthier, S. He´bert, V. Pra-
long, and A. Maignan, Phys. Rev. Lett. 98, 246402 (2007).
16 J. Bobroff, S. He´bert, G. Lang, P. Mendels, D. Pelloquin
and A. Maignan, Phys. Rev. B 76, R100407 (2007).
17 T.F. Schulze, M. Bru¨hwiler, P.S. Ha¨fliger, S.M. Kaza-
kov, Ch. Niedermayer, K. Mattenberger, J. Karpinski and
B. Batlogg, Phys. Rev. B 78, 205101 (2008).
18 A. Nicolaou, V. Brouet, M. Zacchigna, I. Vobornik,
A. Tejeda, A. Taleb-Ibrahimi, P. Le Fe`vre, F. Bertran,
S. He´bert, H. Muguerra and D. Grebille, Phys. Rev. Lett.
104, 056403 (2010).
19 I. Terasaki, Y. Sasago and K. Uchinokura, Phys. Rev. B
56, 12685 (R) (1997).
20 Y. Wang, N.S. Rogado, R.J. Cava and N.P. Ong, Nature
423, 425 (2003).
21 P. Limelette, S. He´bert, H. Muguerra, R. Fre´sard, and
Ch. Simon, Phys. Rev. B. 77, 235118 (2008); P. Limelette,
J.C. Soret, H. Muguerra and D. Grebille, Phys. Rev. B.
77, 245123 (2008).
22 S.Y. Li, L. Taillefer, D.G. Hawthorn, M.A. Tanatar,
J. Paglione, M. Sutherland, R.W. Hill, C.H. Wang and
X.H. Chen, Phys. Rev. Lett. 93, 056401 (2004).
23 D.J. Singh, Phys. Rev. B 68, R020503 (2003).
24 P. Limelette, H. Muguerra and S. He´bert, Phys. Rev. B.
82, 035123 (2010).
25 J. Dong et al., J. Phys. Chem. Sol. 69, 3052 (2008).
26 A.B. Kuzmenko, Rev. Sci. Instr. 76, 083108 (2005).
27 Note that this implies fitting the reflectivity to maintain
causality.
28 D.M. Eagles, R.P.S.M. Lobo and F. Gervais, Phys. Rev.
B. 52, 6440 (1995).
29 K. Damle and S. Sachdev, Phys. Rev. B. 56, 8714 (1997).
30 P. Phillips and C. Chamon, Phys. Rev. Lett. 95, 107002
(2005).
31 S. Lupi, P. Calvani, M. Capizzi, and P. Roy, Phys. Rev.
B. 62, 12418 (2000); E.J. Singley, D.N. Basov, K. Kura-
hashi, T. Uefuji, and K. Yamada, Phys. Rev. B. 64, 224503
(2001).
